Abstract-A metamaterial-based broadband antenna loaded with artificial impedance surface (AIS) is presented in this letter. Two metallic vias connect a Y-shaped patch to the ground plane. The patch, two metallic vias, and the AIS compose an epsilon negative (ENG) transmission line (TL). The asymmetry Y-shaped patch and the AIS bring about the first-order resonance (FOR) and second-order resonance (SOR) modes, which can be merged into one passband to yield a wideband property. The proposed ENG-TL resonant antenna has the advantages of compact size, wide bandwidth, and high gain, which can be applied to portable and handheld communication system.
INTRODUCTION
Metamaterials have been widely studied for antenna design. The metamaterial-based antennas improve the radiation properties of the antennas, such as bandwidth, gain, and efficiency. Metamaterial is used as antenna substrate to enhance gain [1] . Based on the left-handed property of the metamaterial with negative phase constant and zero propagation constant, metamaterial transmission line (TL) can be used to design miniaturized antennas and other microwave devices. One of its applications is the zeroth-order resonance (ZOR) antennas [2] . Although left-handed antennas offer an alternative solution for multiband operation with size miniaturization, they suffer from narrow bandwidth [3] . Many researchers have attempted to extend the bandwidth of the metamaterial-based antenna. The modied split-ring resonator structure with capacitively loaded strips result in a wide bandwidth [4] . In reference [5] , by using the dual resonant modes, the fractional bandwidth is increased up to 25%. With the aid of reactive loading, a multiband metamaterial monopole antenna is proposed in [6] . A dual mode wideband ZOR and positive order resonance (POR) antenna loading with metamaterial for wideband application is presented in [7] . The metamaterial antenna excites ZOR and FOR modes for the bandwidth enhancement, decreases resonant frequencies, and enhances bandwidth [8] . The ZOR and first-order resonance (FOR) modes can be merged into one single band, and the bandwidth of the epsilon negative (ENG) antenna is extended up to 67.4% [9] .
Artificial impedance surface (AIS) is a kind of resonant type microwave photonic crystals. The AIS can be utilized to miniaturize antenna size, enhance antenna bandwidth, and improve antenna radiation performance [10] . In [11] , a multi-band and dual-mode antenna employing left-handed structures is developed, which can suppress the surface wave and improve front to back ratio. The mushroom-like metamaterial structure loaded with the reactive impedance surface (RIS) achieves the miniaturization of the antenna. A narrow band RIS antenna loaded with complementary split-ring resonators (CSRRs) is proposed [12] . By etching the highly anisotropic slot on the RIS, the antenna's miniaturization has been successfully fulfilled [13] . Although the metamaterial antennas loaded with RIS provide the advantage of size reduction, they suffer from narrow bandwidth [10] [11] [12] [13] .
This letter presents the theoretical modeling and analysis of an ENG-TL antenna composed of two-dimensional AIS metamaterial. The AIS is a periodic array of metallic unit cells printed on a dielectric substrate. A Y-shaped patch connects the AIS through two metallic via holes. By optimizing its configuration and size, the antenna can be compact in a very wide frequency band. Unlike the ZOR and FOR antennas in previous literatures, in this letter, the research focus shifts to merge the FOR and the SOR into one passband. The broadband antenna with a small size is designed and optimize.
ANTENNA THEORY
The antenna's substrate affects its radiation and input impedance characteristic. The AIS with reactive impedance observably reduces electromagnetic mutual coupling between the radiating element and ground plane. For a metamaterial antenna loaded with AIS, the image current is not parallel and symmetric to the original current distribution. The AIS loaded with a short-circuited transmission line does not support propagating surface waves. The magnetic energy stored in the AIS compensates for the electric energy stored in near field of the source itself. The dielectric substrate and the AIS constitute a novel artificial impedance substrate. The novel substrate can reduce adverse effects of the source itself and its image, which can realize a broadband impedance matching. The ENG TL has negative permittivity property in the special frequency band, which can excite both backward wave and forward wave at the same time. The ENG TL with both left-handed and right-handed properties simultaneously supports a specific positive phase constant and negative phase constant. As a result, an infinite wavelength wave at the boundary of passband and stop band of nonzero frequency achieves. The ENG-TL structure results in a sub wavelength resonance when the input admittances are determined by According to the lossless transmission line theory, from the equivalent circuit model of the ENG-TL [14] , the dispersion relation can be decided as
where Δx is the length of the transmission line. When β = 0, an infinite wavelength can be supported, and a miniaturized resonant cavity can be achieved.
where l and N are total physical length of the resonator and numbers of resonator cells. When the mode numbers n = 0, the phase constant of the ENG TL is zero at non-zero frequency, other than the conventional half-wavelength resonance. A compact ZOR antenna can be implemented.
According to the open-ended boundary condition, the input impedance can be obtained as [15] 
Equation (4) shows that the left-handed inductance L L and the right-handed capacitance C R determine the impedance characteristic. The subtle combination of L L and C R achieve a desired broadband impedance matching.
ANTENNA DESIGN
According to the aforementioned analysis, an ENG-TL antenna by loading the AIS is designed. As shown in Fig. 2 , the AIS consists of a array of 8 × 6 square metallic unit cells, which is printed on the bottom of a dielectric substrate with a relative permittivity of 2.65, thickness of 1.5 mm, and loss tangent tan δ = 0.002. The dimension of the metallic unit cell is much smaller than the resonant wavelength. Two metallic shorting vias connect the Y-shaped patch and the AIS. The feed line at the center is employed to match the ENG-TL antenna with a 50 Ω coaxial cable. In order to improve the impedance matching of the antenna, the width and length of the microstrip transmission line are optimized. The Y-shaped patch and two vias provide a means of controlling the equivalent circuit parameters very expediently.
To investigate the performance of the ENG-TL antenna, a prototype has been fabricated, and its photograph is shown in Fig. 3 . The main dimensions are listed in Table 1 . 
SIMULATION AND EXPERIMENTAL RESULTS
Compared to the conventional patch antenna with a perfectly electric conductor ground plane, the quality factor of the ENG-TL antenna decreases. Due to the asymmetric Y-shaped structure, higherorder resonance can be excited. In order to achieve a broadband performance and keep high efficiency, the ZOR, FOR and SOR are excited at the same time. Moreover, the FOR and SOR are merged into one passband. The ENG-TL antenna keeps the design freedom by controlling reactance and capacitance of the equivalent circuit. To verify the proposed design, the broadband ENG-TL antenna has been simulated using the time domain solver in CST Microwave Studio. The effects of the width of Y-shaped patch on return loss are depicted in Fig. 4 . From studying these data, for the width of Y-shaped patch W 5 = 2 mm, the FOR and SOR are merged into one broad band. A fine control on working frequency with broadband impedance matching is achieved.
In Fig. 5 . The Y-shaped patch with three different lengths L 3 , is analyzed as other parameters are fixed. The down band is affected slightly when the length L 3 varies from 2.0 mm to 4.0 mm in steps of 1.0 mm. However, the upper band is strongly dependent on L 3 . For L 3 = 3 mm, the FOR and SOR can be excited to form a wide impedance bandwidth.
The effects of the metallic shorting vias are analyzed in Fig. 6 . Due to the change of surface current path, it is found that the widest impedance bandwidth is obtained for two metallic shorting vias. It can be seen that the frequency band undergoes a blue shift without via observably.
The simulated and measured return loss characteristics of the proposed antenna are plotted in Fig. 7 . It can be observed that the simulated −10 dB impedance bandwidth can reach 2.87 GHz from 2.16 to 2.38 GHz and 2.91-5.56 GHz with 72.3% overall relative bandwidth. The measured eigenfrequencies of the FOR and SOR are 3.50 GHz and 4.98 GHz. The lower ZOR eigenfrequency is 2.28 GHz. The return loss of the fabricated antenna is measured using an Agilent E8361A network analyzer. The measured −10 dB impedance bandwidth is 70.1% (2.15-2.43 GHz and 3.06-5.55 GHz). The antenna is 32 mm × 32 mm, with an overall size of around 0.23λ × 0.23λ, where λ is the free-space wavelength of the lowest frequency of 2.16 GHz.
In order to further demonstrate the operation mechanism, Fig. 8 shows the current distributions on the Y-shaped patch, AIS and ground plane. Most of the surface currents flow on the Y-shaped patch, and part of the currents appear on the AIS. As a result, benefiting from the radiating gaps, the bandwidth of the ENG-TL antenna enhances. The simulated and measured radiation patterns in two principal planes for the resonant frequency of 2.27 GHz are plotted in Fig. 9 , and 3.5 GHz are plotted in Fig. 10 . The results show that the radiation pattern in XZ-plane (E-plane) is approximately omnidirectional characteristic, and the radiation pattern in Y Z-plane (H-plane) is monopole-like. The radiation energy is mainly focused in the Z-direction. Due to the asymmetric antenna structure, the gains of the cross polarization are large in E-plane and H-plane.
As shown in Fig. 11 , the simulated gains change from 3.22 dBi to 6.43 dBi. The discrepancy between simulated and measured gains could be attributed to fabrication process, soldering, and measurement environment. The measured radiation efficiency fluctuates from 73.2% to 81.3% over the band of 2.0-6.0 GHz. The proposed ENG-TL antenna simultaneously achieves wide bandwidth, high gain, and high radiation efficiency. The radiation pattern can satisfy application for broadband wireless communications.
CONCLUSION
A metamaterial-based broadband antenna employing optimized AIS has been proposed and demonstrated. The asymmetric Y-shaped patch connects to the ground plane by two metallic shorting vias. A novel artificial impedance substrate for antenna miniaturization with bandwidth extension technique is proposed. The fractional impedance bandwidth is 72.3%. The maximum gain is 6.43 dBi. The total size of the ENG-TL antenna is 0.23λ × 0.23λ. The antenna can be a good candidate for practical various wireless mobile communication systems. 
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